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photoreceptors of sea lamprey Petromyzon marinus; LWLampreys represent the most primitive vertebrate class of jawless ﬁsh and serve as an evolutionary
model of the vertebrate visual system. Transducin-a (Gat) subunits were investigated in lamprey Petr-
omyzon marinus in order to understand the molecular origins of rod and cone photoreceptor G proteins.
Two Gat subunits, GatL and GatS, were identiﬁed in the P. marinus retina. GatL is equally distant from cone
and rod G proteins and is expressed in the lamprey’s long photoreceptors. The short photoreceptor GatS is
a rod-like transducin-a that retains several unique features of cone transducins. Thus, the duplication of
the ancestral transducin gene giving rise to rod transducins has already occurred in the last common
ancestor of the jawed and jawless vertebrates.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Vertebrate vision is based on two physiologically different pho-
toreceptor cell types: rods and cones. The phototransduction cas-
cades in rods and cones are principally similar. In rods,
photoexcited rhodopsin (R*) stimulates GTP–GDP exchange on
the rod G protein, transducin (Gt1). Activated transducin-a mole-
cules, Gat1GTP, dissociate from the Gb1c1-subunits and R*, and
stimulate the effector enzyme, cGMP phosphodiesterase (PDE6)1,
by displacing the inhibitory c-subunits (Pc) from the PDE6 cata-
lytic core. cGMP hydrolysis by activated PDE6 leads to a closure
of cGMP-gated channels in the plasma membrane and generates
an electrical signal (Burns & Arshavsky, 2005; Fu & Yau, 2007;
Lamb & Pugh, 2006). The turn-off and recovery of the visual signal
are achieved by reactions inactivating R* and the Gat1GTP/PDE6
complex, and restoration of cGMP levels through Ca2+-dependent
activation of retinal guanylate cyclases. A photoreceptor-speciﬁc
member of the RGS (regulators of G protein signaling) family,ll rights reserved.
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R9AP acts as a GTPase-activating protein for Gat1 catalyzing a rate
limiting step in rod recovery (Krispel et al., 2006). Cone signaling
proteins are highly homologous to their rod counterparts. Yet,
the physiology of rods and cones is remarkably distinct. Rods are
exceptionally sensitive to light and provide for nighttime (scoto-
pic) vision, whereas cones are markedly less sensitive and signal
during daytime (photopic receptors). Cone electrical responses to
light are smaller in amplitude with much faster kinetics than rod
responses. Furthermore, cones adapt to a much broader range of
illumination conditions than rods and can function in intensely
bright light (Burns & Arshavsky, 2005; Burns & Baylor, 2001; Fu
& Yau, 2007; Lamb et al., 2006) A novel distinction between rods
and cones has been recently recognized. In rods, but not in cones,
transducin translocates in response to light from the outer seg-
ment (OS) to the inner segment (IS) and other photoreceptor com-
partments in what is believed to be an adaptive and/or protective
mechanism ( Calvert, Strissel, Schiesser, Pugh, & Arshavsky, 2006;
Coleman & Semple-Rowland, 2005; Kennedy, Dunn, & Hurley,
2004; Rosenzweig et al., 2007).
However narrow, sequence differences in rod and cone trans-
duction components appear to be well conserved in vertebrate
evolution, and thus may underlie differences in the physiology of
the two types of photoreceptors. With few exceptions, links be-
tween structural variations in rod and cone proteins and speciﬁc
aspects of photoreceptor signaling are unknown. A high rate of
spontaneous thermal isomerization, as well as dissociation of 11-
cis retinal without isomerization in cone pigments, activate signal
transduction in the dark and contribute to cone desensitization
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Nonetheless, human rhodopsin and red cone pigment expressed
in Xenopus cones and rods, respectively, produced responses iden-
tical to native responses of Xenopus photoreceptors, suggesting
that the rod and cone pigment signaling is not different (Kefalov
et al., 2003). Cones have been shown to express much higher levels
of the RGS9 GAP complex than rods, leading to a hypothesis that
RGS9-1 abundance controls rapid response kinetics in cones
(Zhang, Wensel, & Kraft, 2003). Overexpression of the GAP complex
in mouse rods accelerated the recovery kinetics, but the activation
phase and the sensitivity of ﬂash responses were unchanged
(Krispel et al., 2006). Thus, high GAP complex concentrations most
likely contribute to the faster recovery in cones compared to rods,
whereas additional mechanisms are required to explain the out-
standing key differences.
Certain lower vertebrate species with uniquely evolved pho-
toreceptor cells provide an opportunity to pinpoint potential sig-
niﬁcance of speciﬁc sequence variations between rod and cone
components. One such example is Tokay gecko photoreceptors.
These photoreceptors are rods in terms of their morphology
and physiology, but utilize cone-like components, including pig-
ments, Gat, PDE6, arrestin, and cGMP-gated channel subunits
(Zhang, Wensel, & Yuan, 2006). Therefore, critical sequences
might be conﬁned to a limited number of rod-only speciﬁc res-
idues conserved in cone-like phototransduction molecules of the
Tokay gecko (Zhang et al., 2006). As representatives of the earli-
est known vertebrate class of jawless ﬁsh, lampreys constitute a
unique model to study the evolution of the vertebrate visual sys-
tems (Lamb, Collin, & Pugh, 2007; Walls, 1942). Two morpholog-
ically distinct types of photoreceptor cells, short (SPs) and long
photoreceptors (LPs), are described in the retina of sea lamprey
Petromyzon marinus (Dickson & Graves, 1979). Classiﬁcation of
SPs and LPs as cones or rods had long been debated (Dickson
& Graves, 1979; Govardovskii & Lychakov, 1984; Ishikawa
et al., 1987; Ohman, 1976). The controversy has not been clari-
ﬁed with the identiﬁcation of the P. marinus rhodopsin gene
apparently expressed in SPs (Zhang & Yokoyama, 1997). This
pigment was initially categorized as an Rh1 opsin, indicative of
rod function (Zhang & Yokoyama, 1997). A competing viewpoint
emerged later suggesting that the lamprey’s Rh-like opsin gene
diverged from an ancestral Rh-gene prior to its duplication into
the Rh1 and Rh2 lineages (Collin et al., 2003; Collin & Trezise,
2004). Even so, by most morphological and electrophysiological
criteria LPs are cones, whereas SPs are mixed cone/rod photore-
ceptors or unusual rods that operate under scotopic and phot-
opic conditions (Govardovskii & Lychakov, 1984). We recently
demonstrated expression of a single type of PDE6 catalytic sub-
unit in P. marinus with nearly equivalent relations to cone and
rod PDE6s (Muradov, Boyd, Kerov, & Artemyev, 2007). The
PDE6 holoenzyme incorporates a cone-type Pc-subunit in LPs
and a distinct mixed cone/rod-type Pc-subunit in SPs (Muradov
et al., 2007). These ﬁndings indicated that lampreys represent
an interesting model of evolution of cone and rod phototrans-
duction components. Here, we investigated transducins in P.
marinus and examined the identity of the visual pigment ex-
pressed in LPs.2. Materials and methods
2.1. Materials
All restriction enzymes and T4 DNA ligase were purchased from
New England Biolabs (Ipswich, MA). AmpliTaq DNA polymerase
was a product of Applied Biosystems (Foster City, CA), and cloned
Pfu DNA polymerase was a product of Stratagene (La Jolla, CA). TRIReagent and oligo(dT) column were purchased from Molecular Re-
search Center (Cincinnati, OH). All other reagents were purchased
from Sigma–Aldrich (St. Louis, MO). Oligonucleotides were synthe-
sized by IDT, Inc. (Coralville, IA).
2.2. Cloning of the lamprey’s transducin-a subunits and red-sensitive
pigment
Procedures for isolation of total RNA and mRNA from P. marinus
retina, preparation of cDNA, and generation of the phage cDNA li-
brary were described previously (Muradov et al., 2007). Lamprey
retina cDNA was PCR ampliﬁed with Pfu DNA polymerase using a
forward primer CAGATCCGGGCGGTGTCGGCGACCTCGGCGAAG
corresponding to the Gat 50 untranslated region from GEN-
SCAN00000139905 (contig5512, P. marinus genomic database,
PreEnsemble release) and a reverse primer CTAGAAGAGGCC
GCAGTCCTTGAGGTTTTC corresponding to GENSCAN00000017638
from contig11495. Sequencing of the PCR product yielded the
full-length sequence of GatS. A partial sequence of GatL (aa 110–
354) was established following PCR ampliﬁcation of cDNA with
Pfu DNA polymerase using a forward primer CTGGCCGACTCACTG
GAGGAGGGATCCATGCCC and a reverse primer GCGTTTTGAAAT
GAACCGTGTCTTCC corresponding to the database sequences
(GENSCAN00000064894, contig4334). The missing N-terminal se-
quence of GatL was obtained by 50RACE analysis using Clontech
SMARTTM RACE cDNA Ampliﬁcation Kit and a reverse primer
ggtgtccttccacaggcggatgatgatggcgg corresponding to GatL aa se-
quence 124–134. The sequence of GatL was conﬁrmed by sequenc-
ing of the full-length PCR product ampliﬁed from P. marinus cDNA
with Pfu DNA polymerase.
A partial sequence of the P. marinus red-sensitive pigment (aa
76–333) was obtained using PCR and two primers designed utiliz-
ing river lamprey Lethenteron japonicum mRNA sequence
(GI:46917272). The opsin C-terminal sequence was identiﬁed
through PCR ampliﬁcation of the bacteriophage k P. marinus cDNA
library (Muradov et al., 2007) using a 50primer speciﬁc to the lam-
prey opsin and a 30primer speciﬁc to the kSCREEN-1 vector. The op-
sin N-terminal sequence was obtained by 50RACE analysis using a
Clontech SMARTTM RACE cDNA Ampliﬁcation Kit and an opsin-spe-
ciﬁc reverse primer. The sequence of the red-sensitive opsin was
conﬁrmed by sequencing of the full-length PCR product ampliﬁed
from P. marinus cDNA with Pfu DNA polymerase.
2.3. Phylogenetic analysis
The rooted phylogenetic trees of transducin-a subunits and the
long-wavelength sensitive (LWS) opsins were obtained using mul-
tiple alignments of the full-length protein sequences with (1) Clus-
tal X 2.0 and the Gonnet matrix (Thompson, Gibson, Plewniak,
Jeanmougin, & Higgins, 1997), or (2) with a PHYLIP-NEIGHBOR
program in a Neighbor-Joining format and the Jones–Taylor–
Thornton matrix through the web-based Max-Planck Institute’s
Bioinformatics Toolkit. Human Ga-subunits (Gai13, Gao, Gas,
Gaq) and invertebrate opsins were used as the outgroups for the
Gat-tree and the LWS tree, respectively. The clustering probabili-
ties were generated by bootstrap resampling: 1000 replicates using
Clustal X 2.0 and 200 replicates using PHYLIP-NEIGHBOR. The two
procedures yielded similar phylogenies and clustering probabili-
ties. The trees were plotted using NJPlot (v.2.1) (Perrière & Gouy,
1996).
2.4. Expression of the lamprey transducin-a subunits in E. coli
The DNA sequences for the lamprey’s Gat-subunits were
ampliﬁed using lamprey retina cDNA as the template and sub-
cloned into the modiﬁed pET15b vector using the XhoI and SpeI
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addition of 0.03 mM IPTG, and the recombinant proteins were
isolated essentially as described (Muradov, Boyd, & Artemyev,
2006), except 50 lM GDP was added to all buffers during protein
isolation.
2.5. Antibodies
Rabbit polyclonal antibody against the GatL(89–103) peptide
C(ETFSIDYGDPARAAD) conjugated to keyhole limpet hemocyanin
were custom-made by Sigma-Genosys (Woodlands, TX). The fol-
lowing commercial antibodies were used: monoclonal rod/cone
Gat antibody TF15 (immunoﬂuorescence at dilution 1:200) (Cal-
biochem-EMD Biosciences, San Diego, CA), monoclonal rod/cone
Gat antibody G51820 (1:500) (BD Biosciences, San Jose, CA), rabbit
polyclonal rod Gat1 antibody K-20 (Santa Cruz Biotech, Santa Cruz,
CA), cone Gat2 antibody I-20 (1:500) (Santa Cruz Biotech, Santa
Cruz, CA), and red opsin antibody AB5405 (1:1000) (Chemicon
Int., Temecula, CA).
2.6. Immunoﬂuorescence and immunoblotting
Sea lampreys (P. marinus) were received from US Geological
Survey, Hammond Bay Biological Station (Millersburg, MI) and
kept at 5 C in an aerated cooler in the dark. All experimental
procedures involving the use of lampreys were carried out in
accordance with the NIH guidelines, the protocol approved by
the University of Iowa Animal Care and Use Committee. To as-
sess the retina morphology, eyeballs were enucleated from
euthanized dark-adapted animals, poked with a needle through
the cornea, and ﬁxed in 2.5% glutaraldehyde in 0.1 M cacodylate
buffer for 2 h at 22 C. Next, the anterior halves were cut off
and the eye cups were additionally ﬁxed in fresh 2.5% glutaral-
dehyde in 0.1 M cacodylate buffer for 24 h at 4 C. After ﬁxa-
tion, eye cups were cut into smaller pieces and processed
through series of acetones and embedded in Spurr’s resin. Ret-
ina sections (0.7 lm) were cut using a Leica UC6 ultramicro-
tome and stained with 1% toluidine blue. The images were
obtained using an Olympus BX51 microscope. For dark adapta-
tion, animals were kept in the dark for at least 12 h. For light
adaptation, lampreys were placed in a white Styrofoam box
(with enough water to cover the lamprey) under bright room
light (2000 lx) for 90 min at 15 C. After euthanasia, eyeballs
were enucleated. Drops of tropicamide and phenylephrine
hydrochloride were applied to dilate the pupil and eyeballs
were additionally exposed to the room light (2000 lx) for
60 min in a Petri dish with DMEM media at 22 C. Some eye-
balls were exposed to the light as above, but after isolation
from dark-adapted animals. Eyeballs were poked with a needle
and ﬁxed in 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 3 h. After ﬁxation, the eyeballs were cut in half, the
cornea and lens were removed, and the eyecups were sub-
mersed in a 30% sucrose solution in PBS overnight at 4 C.
The eyecups were then embedded in tissue freezing medium
(TBS) and frozen on dry ice. Radial sectioning (10 lm) of the
retina was performed using a cryomicrotome Microm HM
505E. Retinal cryosections were air-dried and kept at 80 C
until use. Retinal sections were stained with primary and sec-
ondary antibodies, and staining was visualized as previously de-
scribed (Muradov et al., 2007).
Western blot analyses were performed following SDS–PAGE in
12% gels using Gat-speciﬁc or polyclonal anti-His6 antibodies (San-
ta Cruz Biotech, Santa Cruz, CA). The antibody–antigen complexes
were detected using antibodies conjugated to horseradish peroxi-
dase (Sigma, St. Louis, MO) and ECL reagent (Amersham Biosci-
ences, Piscataway, NJ).3. Results
3.1. Cloning and characterization of lamprey’s transducin-a subunits
The BLAST search of the PreEnsemble release of the P. marinus
genomic database identiﬁed one N-terminal sequence (GENSCAN0
0000139905, contig5512) and two C-terminal sequences
(GENSCAN00000017638, contig11495; and GENSCAN000000648
94, contig4334) corresponding to Gat-like subunits. A PCR ampliﬁ-
cation of P. marinus retinal cDNA using a primer corresponding to a
50-untranslated region from contig5512 paired with a primer
matching the C-terminal sequence from contig11495, but not from
contig4334, produced a DNA product of the appropriate size. Thus,
the full-length sequence for the ﬁrst Gat-subunit, termed GatS for
its expression in SPs (see below), was obtained. In addition to the
C-terminal sequence of a Gat-like subunit, contig4334 was found
to contain an internal Gat sequence that was different from the se-
quence of GatS. PCR ampliﬁcations and sequencing of the lamprey’s
retinal cDNA based on the partial Gat sequences from contig4334
allowed identiﬁcation for residues 110–354 of the second lamprey
transducin-a, termed GatL. The full-length sequence of GatL was
obtained through a 50RACE analysis.
The phylogenetic analysis, based on multiple sequence align-
ment of transducin-a sequences (Suppl. Fig. 1S), indicates that GatL
is equally distant to cone and rod Gat-subunits and diverged near
the time of separation of cone and rod G proteins (Fig. 1). GatL is
82% and 80% identical to human cone and rod Gat-subunits,
respectively. A bootstrap resampling of the Gat sequence align-
ment using PHYLIP-NEIGHBOR or Clustal X indicates a very weak
probability preference (38–44%) for clustering GatL with the rod
Gat1-subunits (Fig. 1). GatS is more closely related to rod than cone
transducins (Fig. 1). The clustering probability of 78% provides con-
siderable support for the classiﬁcation of GatS as a rod Gat (Fig. 1).
This is despite the presence in the GatS N-terminus of a cone Gat2
‘‘hallmark” four-residue sequence (Suppl. Fig. 1S).3.2. Expression and localization of GatL and GatS in lamprey’s retina
The ability of cone and rod Gat-speciﬁc antibodies to
distinguish GatL and GatS was analyzed using the recombinant
transducin-a subunits. The bacterially expressed puriﬁed His6-
tagged GatL and GatS proteins were poorly soluble and largely
nonfunctional, and served only as standards for immunoblotting
with anti-His6, anti-rod Gat K-20, anti-cone Gat I-20, and anti-
rod/cone Gat antibodies TF15 and G51820. The Western blot
analysis demonstrated that the TF15, G51820, and I-20 antibod-
ies recognize both GatL and GatS, but the G51820 antibody pref-
erentially reacted with GatL, whereas the I-20 antibody showed
slight selectivity for GatS (Fig. 2A). The K-20 antibody interacted
exclusively with GatS (Fig. 2A). In agreement with the observed
K-20 selectivity, the epitope of anti-rod Gat antibody K-20 is lo-
cated within a segment of rod human Gat (aa 80–120) that
shares a signiﬁcantly greater homology with the corresponding
sequence of GatS compared to GatL (Suppl. Fig. 1S). The GatL-spe-
ciﬁc antibody was generated against a divergent epitope
GatL(89–103). This antibody selectively recognized recombinant
GatL (Fig. 2A). The calculated MW for GatL (40.2 kDa) and GatS
(40.3 kDa) are similar, and the proteins are not expected to
separate by SDS–PAGE. All ﬁve tested Gat-speciﬁc antibodies rec-
ognized a protein band of 38 kDa after SDS–PAGE of P. marinus
retinal homogenate (Fig. 2B).
Two types of photoreceptor cells in the P. marinus retina, SPs
and LPs, appear under the microscope in two layers (Fig. 3). SPs
have slender elongated OS, whereas the OS of LPs are more conical
in shape (Fig. 3). Extended myoid regions bring the LP OS beyond
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Fig. 1. Phylogenetic tree of transducin- and gustducin-a subunits. The rooted
phylogenetic tree was obtained by Clustal X 2.0 (Thompson et al., 1997) based on
the multiple alignment of the full-length protein sequences (Suppl. Fig. 1S). Human
Gai, Gao, Gas, and Gaq, were used as the outgroup. The sequences in the tree are as
follows: rod Gat1—human (GI:22027520), bovine (30794334), dog (51339016),
mouse (6680041), chicken (45382713), frog X. laevis (148238303), carp
(148524798), zebraﬁsh D. rerio (18858763); cone Gat2—human2 (20330805),
bovine2 (27805891), dog2 (73959925), mouse2 (6680043), chicken2 (45382711),
frog2 X. laevis (148226124), carp2 (148524794), zebraﬁsh2 D. rerio (18858765); and
Tokay gecko (37595589); gustducins Gat3—human3 (156139155), bovine3
(158341674), dog3 (73981840), mouse3 (124487259), and chicken3 (50728081).
The sequences of the lamprey’s GatS and GatL are shown in Suppl. Fig. 1S. The
clustering probabilities generated by bootstrap resampling (1000) are indicated.
The tree was plotted using NJPlot (v.2.1) (Perrière & Gouy, 1996). Scale bar—0.05
substitutions per site.
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Fig. 2. (A) Reactivity of Gat-speciﬁc antibodies with recombinant GatS and GatL. Followi
were analyzed by Western blotting using His6-speciﬁc antibody and Gat-speciﬁc antibo
lamprey’s retina. Lamprey retinal homogenates (50 lg protein each sample) were subjec
antibodies.
Fig. 3. Light micrograph of a P. marinus retina. A P. marinus retinal section (0.7 lm)
was stained with 1% toluidine blue. L and S indicate the outer segments of LPs and
SPs, respectively; E—ellipsoid bodies; OLM—outer limiting membrane; ONL—outer
nuclear layer; RPE—retinal pigment epithelium. Bar—10 lm.
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retina sections with the GatS-speciﬁc K-20 antibody demonstrated
that GatS is localized to the OS of SPs (Fig. 4). The GatL(89–103)
antibody immunoﬂuorescence indicated that GatL is expressed in
LPs (Fig. 4). Interestingly, the staining pattern suggests that a sig-
niﬁcant fraction of GatL is localized in the inner segments and
other compartments of LPs in the dark (Fig. 4). Conﬁrming this
observation, similar distribution patterns of GatL were observed
using TF15 and G51820 antibodies (Suppl. Fig. 2S).
3.3. Localization of GatL and GatS in light-adapted P. marinus retina
Unlike cone transducins, rod transducins readily redistribute in
response to light from the photoreceptor OS to the IS (Calvert et al.,
2006). The ability of GatL and GatS to change their subcellular
localization in a light-dependent manner was examined usingTF15 G51820
GαtS GαtL GαtS GαtL
TF15 G5
18
20
GαtS GαtL
GαtL(89-103)
Gα
tL
(89
-10
3)
ng SDS–PAGE in 12% gels, puriﬁed His6-tagged GatS and GatL (100 ng protein each)
dies I-20, K-20, TF15, G51820, and GatL(89–103). (B) Expression of GatS and GatL in
ted to 12% Laemmli SDS–PAGE and analyzed by Western blotting with Gat-speciﬁc
Fig. 4. Immunoﬂuorescence localization of GatS and GatL in lamprey’s retina. Cryosections of the dark-adapted (DA) or light-adapted (LA) lamprey retinas were stained with
Gat-speciﬁc antibodies K-20 and GatL(89–103), and visualized with AlexaFluor 555 and AlexaFluor 488 secondary antibodies using a Zeiss LSM 510 confocal microscope. For
light adaptation, an eyeball was enucleated from a DA lamprey, and exposed to light (2000 lx) for 90 min in DMEM media. LP OS—outer segments of LPs, LP IS—inner
segments of LPs, SP OS—outer segments of SPs, SP IS—inner segments of SPs. Bar—10 lm.
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preys’ eyeballs. These experiments revealed that the unusual dis-
tribution of GatL in dark-adapted LPs remained essentially
unchanged in the light-adapted photoreceptor cells (Fig. 4). Like-
wise, the SP OS compartmentalization of GatS was not signiﬁcantly
affected by exposure to high intensity light (Fig. 5). The inability of
the lamprey’s Gat-subunits to translocate in light may depend on
the composition of Gbc-subunits. Rod-speciﬁc anti-Gb1 antibodies
b-636, anti-Gb1c1 antibodies 1C1, and cone-speciﬁc anti-Gc8 anti-
bodies c-5893 were utilized to probe the Gbc-subunits in LPs and
SPs (Lee, Lieberman, Yamane, Bok, & Fung, 1992; Ong et al., 1995).
All these antibodies showed appropriate staining of rods or cones
in the mouse retina, but failed to speciﬁcally label photoreceptor
cells in the lamprey retina (not shown). Thus, the Gbc-subunits
in lamprey photoreceptors are sufﬁciently diverged from mamma-
lian Gb1c1 and Gb3c8 to be recognized by the available subunit
subtype-speciﬁc antibodies.
3.4. Identiﬁcation of the P. marinus red-sensitive opsin
Microspectrophotometric studies have suggested the existence
of two visual pigments in P. marinus, the pigment with kmax of
525 nm in SPs and the red-sensitive pigment with kmax of
600 nm in LPs (Hárosi & Kleinschmidt, 1993). A single Rh1-type
rhodopsin gene had been identiﬁed in the lamprey genome and
is apparently expressed in SPs (Zhang & Yokoyama, 1997). The
identity of the P. marinus LP pigment remained unknown. A red-
sensitive (long-wavelength sensitive, LWS) opsin cDNA was iso-Fig. 5. Immunoﬂuorescence localization of GatS in light-adapted lamprey’s retina. Cryose
the K-20 antibody. Lampreys P. marinus were light-adapted under bright room light (200
60 min in a Petri dish (LA-II).lated from the pineal organ of river lamprey Lethenteron japonica
(Koyanagi et al., 2004). The retina and photoreceptor cell morphol-
ogy of the river lamprey is similar to that of P. marinus (Dickson &
Graves, 1979; Ishikawa et al., 1987). Hence, we utilized the se-
quence of L. japonica LWS pigment to design degenerate primers
for PCR ampliﬁcations of the P. marinus retinal cDNA. Subsequent
PCR ampliﬁcations of the retinal phage cDNA library (Muradov et
al., 2007) and the 50RACE analysis allowed identiﬁcation of the
full-length sequence of the P. marinus LWS pigment (Suppl. Fig.
3S). The LWS pigments in P. marinus and L. japonica are 92% iden-
tical. The rooted tree was constructed using several invertebrate
opsins as the outgroup and representative opsins from the ﬁve ma-
jor groups of vertebrate visual pigments (Yokoyama, 1997) (not
shown). The LWS branch of the tree shows the phylogenetic rela-
tionships between LWS pigments in lampreys and higher verte-
brate species (Fig. 6). The relationships of the vertebrate LWS
pigments do not strictly reﬂect the established vertebrate phylog-
eny, possibly indicating gene duplications and losses within the
LWS opsin family. Immunoﬂuorescence staining with red opsin-
speciﬁc antibodies demonstrated selective labeling of the LP OS
in the P. marinus retina (Fig. 7).4. Discussion
Identiﬁcation of two transducin-a subunits, GatL and GatS, in
the retina of lamprey P. marinus sheds light on the evolution of
the cone and rod visual G proteins. Phylogenetic analysis indicatesctions of dark-adapted (DA) or light-adapted (LA) lamprey retinas were stained with
0 lx) for 90 min (LA-I). The eyeballs were additionally exposed to light (2000 lx) for
human-red
human-green
mouse-green
100
carp
zebrafish
zebra finch
chicken
frog (X. laevis)
100
L. japonica
P. marinus
G. australis
100
100
100
100
92
100
0.05
Fig. 6. The rooted phylogenetic tree of the LWS opsins was obtained by Clustal X 2.0
(Thompson et al., 1997) based on the multiple alignment of the full-length protein
sequences, which included representative opsins from all major groups of verte-
brate visual pigments (Yokoyama, 1997). Several invertebrate opsins were used as
the outgroup. The clustering probabilities generated by bootstrap resampling
(1000) are indicated. The sequences in the tree are as follows: human-red (GI:
9910526), human-green (4503965), mouse-green (6679975), chicken (45382135),
frog X. laevis (148222357), carp (12862623), zebraﬁsh (18859311); zebra ﬁnch
(115529264), river lamprey L. japonica (46917272), and the southern hemisphere
lamprey G. australis (38231550). The sequence of the P. marinus LWS opsin is shown
in Suppl. Fig. 3. The tree was plotted using NJPlot (v.2.1) (Perrière & Gouy, 1996).
Scale bar—0.05 substitutions per site.
Fig. 7. Immunoﬂuorescence localization of red-sensitive opsin in lamprey’s retina.
A cryosection of P. marinus retina was stained with the red opsin antibody AB5405
(Chemicon Int., Temecula, CA). LP OS—outer segments of LPs. Bar—10 lm.
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whereas GatS groups with rod transducins (Fig. 1). Thus, GatL
may have branched out prior to or after duplication of the ancestral
gene into cone and rod Gat genes, and can be categorized as either
cone, rod, or ancestral to the cone/rod G proteins. Considering sig-niﬁcant support for classiﬁcation of GatS as a rod Gat, however,
clustering of GatL with cone transducins would represent the sim-
plest evolutionary pattern that involves a single gene duplication
event. According to this pattern, the ancestral Gat gene duplication
giving rise to cone and rod Gat genes already took place in the lat-
est common ancestor of the jawed (Gnathostomata) and jawless
(Agnatha) vertebrates. Following the gene duplication, the separa-
tion of the jawed and jawless lineages occurred within an evolu-
tionarily short period of time. During this period, the rate of
evolution of the rod Gat gene may have been greater reﬂecting
the evolution of scotopic vision in early vertebrates.
Classiﬁcation of GatL as a cone transducin would also be con-
sistent with the ﬁnding that it is expressed in the LPs of lamprey’s
retina. Morphological, microspectrophotometric, and electrophys-
iological studies have suggested that the LPs, despite possessing
certain rod-like characteristics, are cones that operate under
photopic conditions (Dickson & Graves, 1979; Govardovskii &
Lychakov, 1984; Hárosi & Kleinschmidt, 1993). Our study identi-
ﬁed the visual pigment in LPs. The LP pigment is a red-sensitive
opsin highly homologous to the LWS pigment in the river
lamprey L. japonica (Fig. 6, Suppl. Fig. 3S). The identity of the
visual pigment in LPs further supports categorization of LPs as
cones. A peculiar feature of LPs is an unusual subcellular distribu-
tion of GatL (Fig. 4, Suppl. Fig. 2S). Immunoﬂuorescence analysis
using three different Gat-speciﬁc antibodies, GatL(89–103), TF15
and G51820, shows a strong staining for GatL in the IS compart-
ment and a relatively weak signal in the OS of the dark-adapted
LPs. Although the antibody epitope masking effect in the OS
cannot be ruled out, this result does imply signiﬁcant presence
of GatL in the IS. Such distribution of GatL reduces the light
sensitivity of LPs. It may reﬂect the primitive nature of LPs and
the evolutionary relationships with photoreceptors of vertebrate
ancestors. Previously, immunoﬂuorescence studies of lamprey
retina revealed modest presence of PDE6 and Pc1 in the inner
compartments of LPs (Muradov et al., 2007). In contrast, the
LWS pigment is conﬁned exclusively to the LP OS (Fig. 7). Thus,
transducin and PDE6 might be targeted to the OS in LPs not as
efﬁciently as in cone photoreceptors of higher vertebrates. An
alternative possibility of as yet unidentiﬁed Gat coupled to the
LWS pigment in the LP OS cannot be ruled out. However, there
have been no reports suggesting expression of two distinct
Gat-subunits in a single photoreceptor cell.
Phylogenetic clustering of GatS as a rod transducin brings new
insights into the transitional nature of SPs. Besides the ‘‘controver-
sial” Rh pigment, the SPs are now shown to express twomajor pho-
totransduction components, GatS and the Pc-subunit that had
acquired rod-like characteristics. In a typical rod photoreceptor, a
rod-type transducin is coupled with an Rh1 pigment. Exceptions,
such as the tiger salamander green rod, where a rod transducin
is paired with a short wavelength sensitive 2 opsin, are extremely
rare (Ma et al., 2001). Thus, our ﬁndings are in agreement with the
recent phylogenetic analysis that concurred with the original
designation of the lamprey’s Rh pigment as Rh1 (Pisani, Mohun,
Harris, McInerney, & Wilkinson, 2006). The duplication of the
ancestral Rh-opsin, transducin, and Pc genes giving rise to the
rod components may have occurred in coordinated fashion, there-
by enabling the last common ancestor of the jawed and jawless
vertebrates with scotopic vision.
GatS is a unique rod transducin that retains several distinctive
features of cone-like transducins, most notably a 4-residue stretch
in the N-terminal region (Suppl. Fig. 1). Although in all other
known rod Gat1 these 4 residues are deleted, there is an interesting
example of Tokay gecko cone Gat2 lacking this sequence (Zhang
et al., 2006). Curiously, the Tokay gecko photoreceptors, expressing
cone Gat2 and other cone-like phototransduction components, are
rods in terms of their morphology and electrophysiology (Zhang
2308 H. Muradov et al. / Vision Research 48 (2008) 2302–2308et al., 2006). Hence, the N-terminal sequence in transducins is a po-
tential element that contributes to the differences in physiology of
rods and cones. The N-terminal sequence is proximal to key Gat
interaction sites with Gbc and the disk membrane (Lambright
et al., 1996). Consequently, it may inﬂuence the membrane dynam-
ics and activation/inactivation kinetics of Gt. In this respect, it is
noteworthy that SPs, just as rods, are sensitive to dim light, but
similarly to cones do not saturate at high illuminances (Govardov-
skii & Lychakov, 1984). Another process potentially affected by the
N-terminal sequences in Gat is light-dependent translocation of
transducin. The current diffusion model for transducin transloca-
tion suggests that the activation of transducin by R* in rods causes
dissociation of the Gat1- and Gb1c1-subunits from the disk mem-
brane allowing them to diffuse from the OS into the IS (Calvert
et al., 2006). The lack of appreciable light-induced translocation
of cone Gt has been linked to the failure of cone transducin sub-
units to completely dissociate from each other and the disk mem-
brane (Rosenzweig et al., 2007). Structural features in both Gat and
Gbc may determine the degree of subunit dissociation upon Gt
activation. We found no evidence of any signiﬁcant light-depen-
dent redistribution of GatS in SPs. Probably, the capacity for trans-
ducin translocation upon light exposure developed in more
‘‘advanced” rod photoreceptors in the jawed vertebrate lineage.
The sequence of GatS provides a useful template to identify poten-
tial structural requirements for transducin translocation.
Present analysis of transducin-a subunits in lamprey yields new
molecular details supporting the transmutation origin of rod pho-
toreceptors evolving from ancestral cone-like photoreceptors as
means of adaptation to scotopic conditions (Walls, 1942). The
SPs in lamprey seem to represent the transitional state between
cone photoreceptor type and genuine rod photoreceptor type in
higher vertebrates.Acknowledgment
The authors thank Rehwa Lee for the gift of Gbc antibodies.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.visres.2008.07.006.
References
Burns, M. E., & Arshavsky, V. Y. (2005). Beyond counting photons: Trials and trends
in vertebrate visual transduction. Neuron, 48, 387–401.
Burns, M. E., & Baylor, D. A. (2001). Activation, deactivation, and adaptation in
vertebrate photoreceptor cells. Annual Reviews in Neuroscience, 24, 779–805.
Calvert, P. D., Strissel, K. J., Schiesser, W. E., Pugh, E. N., Jr., & Arshavsky, V. Y. (2006).
Light-driven translocation of signaling proteins in vertebrate photoreceptors.
Trends in Cell Biology, 16, 560–568.
Coleman, J. E., & Semple-Rowland, S. L. (2005). GC1 deletion prevents light-
dependent arrestin translocation in mouse cone photoreceptor cells.
Investigative Ophthalmology & Visual Science, 46, 12–16.
Collin, S. P., Knight, M. A., Davies, W. L., Potter, I. C., Hunt, D. M., & Trezise, A. E.
(2003). Ancient colour vision: Multiple opsin genes in the ancestral vertebrates.
Current Biology, 13, R864–R865.Collin, S. P., & Trezise, A. E. (2004). The origins of color vision in vertebrates. Clinical
and Experimental Optometry, 87, 217–223.
Dickson, D. H., & Graves, D. A. (1979). Fine structure of the lamprey photoreceptors
and retinal pigment epithelium (Petromyzon marinus L.). Experimental Eye
Research, 29, 45–60.
Fu, Y., & Yau, K. W. (2007). Phototransduction in mouse rods and cones. Pﬂugers
Archiv, 454, 805–819.
Govardovskii, V. I., & Lychakov, D. V. (1984). Visual cells and visual pigments of the
lamprey, Lampetra ﬂuviatilis. Journal of Comparative Physiology, 154, 279–286.
Hárosi, F. I., & Kleinschmidt, J. (1993). Visual pigments in the sea lamprey,
Petromyzon marinus. Visual Neuroscience, 10, 711–715.
Ishikawa, M., Takao, M., Washioka, H., Tokunaga, F., Watanabe, H., & Tonosaki, A.
(1987). Demonstration of rod and cone photoreceptors in the lamprey retina by
freeze-replication and immunoﬂuorescence. Cell Tissue Research, 249, 241–246.
Kefalov, V. J., Estevez, M. E., Kono, M., Goletz, P. W., Crouch, R. K., Cornwall, M. C.,
et al. (2005). Breaking the covalent bond—A pigment property that contributes
to desensitization in cones. Neuron, 46, 879–890.
Kefalov, V., Fu, Y., Marsh-Armstrong, N., & Yau, K. (2003). Role of visual pigment
properties in rod and cone phototransduction. Nature, 425, 526–531.
Kennedy, M. J., Dunn, F. A., & Hurley, J. B. (2004). Visual pigment phosphorylation
but not transducin translocation can contribute to light adaptation in zebraﬁsh
cones. Neuron, 41, 915–928.
Koyanagi, M., Kawano, E., Kinugawa, Y., Oishi, T., Shichida, Y., Tamotsu, S., et al.
(2004). Bistable UV pigment in the lamprey pineal. Proceedings of the National
Academy of Sciences of the United States of America, 101, 6687–6691.
Krispel, C. M., Chen, D., Melling, N., Chen, Y., Martemyanov, K. A., Quillinan, N., et al.
(2006). RGS expression rate-limits recovery of rod photoresponses. Neuron, 51,
409–416.
Lamb, T. D., Collin, S. P., & Pugh, E. N. (2007). Evolution of the vertebrate eye: Opsins,
photoreceptors, retina and eye cup. Nature Reviews Neuroscience, 8, 960–976.
Lamb, T. D., & Pugh, E. N. Jr., (2006). Phototransduction, dark adaptation, and
rhodopsin regeneration the proctor lecture. Investigative Ophthalmology & Visual
Science, 47, 5137–5152.
Lambright, D. G., Sondek, J., Bohm, A., Skiba, N. P., Hamm, H. E., & Sigler, P. B. (1996).
The 2.0 A crystal structure of a heterotrimeric G protein. Nature, 379, 311–319.
Lee, R. H., Lieberman, B. S., Yamane, H. K., Bok, D., & Fung, B. K. (1992). A third form
of the G protein b subunit. 1. Immunochemical identiﬁcation and localization to
cone photoreceptors. Journal of Biological Chemistry, 267, 24776–24781.
Ma, J., Znoiko, S., Othersen, K. L., Ryan, J. C., Das, J., Isayama, T., et al. (2001). A visual
pigment expressed in both rod and cone photoreceptors. Neuron, 32, 451–461.
Muradov, K. G., Boyd, K. K., & Artemyev, N. O. (2006). Analysis of PDE6 function
using chimeric PDE5/6 catalytic domains. Vision Research, 46, 860–868.
Muradov, H., Boyd, K. K., Kerov, V., & Artemyev, N. O. (2007). PDE6 in lamprey
Petromyzon marinus: Implications for the evolution of the visual effector in
vertebrates. Biochemistry, 46, 9992–10000.
Ohman, P. (1976). Fine structure of the optic nerve of Lampetra ﬂuviatilis
(Cyclostomi). Vision Research, 16, 659–662.
Ong, O. C., Yamane, H. K., Phan, K. B., Fong, H. K., Bok, D., Lee, R. H., et al. (1995).
Molecular cloning and characterization of the G protein c subunit of cone
photoreceptors. Journal of Biological Chemistry, 270, 8495–8500.
Perrière, G., & Gouy, M. (1996). WWW-Query: An on-line retrieval system for
biological sequence banks. Biochimie, 78, 364–369.
Pisani, D., Mohun, S. M., Harris, S. R., McInerney, J. O., & Wilkinson, M. (2006).
Molecular evidence for dim-light vision in the last common ancestor of the
vertebrates. Current Biology, 16, R318–R319.
Rosenzweig, D. H., Nair, K. S., Wei, J., Wang, Q., Garwin, G., Saari, J. C., et al. (2007).
Subunit dissociation and diffusion determine the subcellular localization of rod
and cone transducins. Journal of Neuroscience, 27, 5484–5494.
Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F., & Higgins, D. G. (1997).
The ClustalX windows interface: Flexible strategies for multiple sequence
alignment aided by quality analysis tools. Nucleic Acids Research, 25, 4876–4882.
Walls, G. L. (1942). The vertebrate eye and its adaptive radiation. Bloomﬁeld Hills:
Cranbrook Institute of Science.
Yokoyama, S. (1997). Molecular genetic basis of adaptive selection: Examples from
color vision in vertebrates. Annual Reviews in Genetics, 31, 315–336.
Zhang, X., Wensel, T. G., & Kraft, T. W. (2003). GTPase regulators and photoresponses
in cones of the eastern chipmunk. Journal of Neuroscience, 23, 1287–1297.
Zhang, X., Wensel, T. G., & Yuan, C. (2006). Tokay gecko photoreceptors achieve rod-
like physiology with cone-like proteins. Photochemistry and Photobiology, 82,
1452–1460.
Zhang, H., & Yokoyama, S. (1997). Molecular evolution of the rhodopsin gene of
marine lamprey, Petromyzon marinus. Gene, 191, 1–6.
